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ABSTRACT 


During  the  Voyager  1  flyby  of  Saturn's  moon  Titan,  the  plasma  wave 
instrument  detected  several  types  of  plasma  wave  emissions.  On  the 
inbound  leg  a  broad  region  of  intense  low  frequency  noise  was  detected 
on  the  side  of  Titan  facing  away  from  Saturn.  This  noise  has  charac¬ 
teristics  similar  to  the  electric  field  turbulence  observed  in  the  mag¬ 
netosheath  at  Earth  and  the  ionosheath  at  Venus  and  is  believed  to  be 
generated  by  newly  created  ions  which  are  being  accelerated  in  the 
vicinity  of  Titan  by  the  corotational  electric  field.  During  the  pass 
through  the  induced  magnetic  tail  of  Titan,  a  series  of  upper  hybrid 
resonance  emissions  were  observed.  -Wie  electron  density  profile 
inferred  from  these  emissions  shows  three\iistinct  peaks  with  densities 
of  ~  ^0  cm-3,  the  first  peak  corresponding  bp  the  entry  into  the  mag¬ 
netic  tail,  the  second  peak  corresponding  to  vthe  neutral  sheet  crossing 
from  the  northern  to  the  southern  tail  lobe,  and  the  third  somewhat 
smaller  peak  corresponding  to  the  outbound  exit  froftr-bhe  .tail^>  Large 
depressions  in  the  magnetic  field  strength  are  observed  coincident  with 
each  of  the  density  peaks.  These  effects  indicate  that  a  dense  plume 
of  plasma  is  being  carried  downstream  of  Titan  by  the  interaction  with 


the  rapidly  rotating  magnetosphere  of  Saturn.  _3y  equating  the  magnetic 
field  pressure  in  the  tail  lobe  to  the  plasma  pressure  in  the  neutral 
sheet,  the  temperature  of  the  plasma  is  estimated  to  be  about  8,600*K. 
This  low  temperature  strongly  suggests  that  the  plasrak  originates 


V  v.  +  ‘t 


from  the  ionosphere  of  Titan,  probably  forming  d-  cylindrical  sheet  of 

\  _ 

plasma  extending  downstream  from  the  limb  of  Titan.*~  During  the  pass 
through  the  tail,  a  second  type  of  low  frequency  electric  field  noise 
was  observed  with  characteristics  very  similar  to  a  type  of  noise 
called  broadband  electrostatic  noise  which  is  found  in  the  Earth's  mag 
netic  tail.  As  in  the  case  of  the  Earth,  this  noise  is  most  intense 
near  the  outer  boundary  of  the  plasma  sheet  and  is  almost  completely 
absent  in  the  high  density  region  near  the  neutral  sheet. 
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I .  INTRODUCTION 

One  of  the  principal  objectives  of  the  Voyager  1  encounter  with 
Saturn  on  November  12-13,  1980,  was  a  close  flyby  of  the  moon  Titan. 

This  moon  was  considered  an  important  target  for  investigation  because 
it  is  the  only  moon  in  the  solar  system  known  to  have  a  substantial 
atmosphere.  Because  Titan's  orbit  at  20.2  Rg  is  near  the  nominal  stand¬ 
off  distance  for  the  Saturnian  magnetopause  [Smith  et  al.,  198O;  Acuna 
and  Ness,  I980I,  Titan  can  interact  with  either  the  magnetosphere  or  the 
solar  wind  depending  on  its  orbital  position  and  the  instantaneous  mag¬ 
netopause  position.  At  the  time  of  the  Voyager  1  flyby.  Titan  was 
located  on  the  dayside  of  Saturn  at  a  local  time  of  about  1330.  Because 
it  was  not  known  ahead  of  time  whether  Titan  would  be  in  the  solar  wind 
or  magnetosphere  at  the  time  of  the  flyby,  a  trajectory  was  chosen  that 
passed  through  the  nominal  positions  for  both  the  solar  wind  wake  and 
the  raagnetospheric  wake.  As  it  turned  out.  Titan  was  inside  the  mag¬ 
netosphere  at  the  time  of  the  encounter,  so  the  interesting  region  was 
the  magnetospheric  wake  produced  by  the  interaction  with  Saturn's 
rotating  magnetosphere. 

Figure  1  shows  the  spacecraft  trajectory  in  a  Titan-centered 
coordinate  system  and  the  direction  of  the  nominal  corotational  plasma 
flow,  assuming  rigid  rotation.  At  closest  approach,  the  radial  dis¬ 
tance  to  the  center  of  Titan  was  2.53  R^,  where  we  use  R^  =  2570  km 
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[Tyler  et  al.,  198ll  for  the  radius  of  Titan.  As  can  be  seen.  Voyager 
1  passed  almost  directly  through  the  geometric  center  of  the  wake.  All 
of  the  particles  and  fields  experiments  registered  pronounced  effects 
as  the  spacecraft  passed  through  the  magnetospheric  wake  region  [Ness 
et  al.,  1981 ;  Bridge  et  al.,  1981;  Gurnett  et  al.,  1981;  Krimigis  et 
al.,  1981 ;  Vogt  et  al.,  198l|,  indicating  that  a  very  complex  and 
interesting  interaction  is  occurring  between  Titan  and  the  magneto¬ 
sphere  of  Saturn. 

In  this  paper  we  present  a  detailed  analysis  of  the  plasma  wave 
emissions  detected  by  the  plasma  wave  instrument  on  Voyager  1  in  the 
vicinity  of  Titan.  This  study  is  intended  to  supplement  and  extend  the 
initial  report  of  the  Titan  plasma  wave  observations  given  by  Gurnett 
et  al.  1 1981 ) .  For  a  description  of  the  Voyager  plasma  wave  experiment 
see  the  instrumentation  description  given  by  Scarf  and  Gurnett  [ 19771. 
As  discussed  by  Gurnett  et  al.  [ 1981 ]  ,  three  principal  types  of  plasma 
wave  emissions  were  detected  in  the  vicinity  of  Titan:  (l)  a  band  of 
electrostatic  emissions  near  the  local  upper  hybrid  resonance  fre¬ 
quency;  (2)  a  broad  band  of  low  frequency  electric  field  noise  in  a 
region  tentatively  identified  as  a  "sheath"  on  the  inbound  and  outbound 
passes  through  the  wake;  and  (3)  radio  emissions  tentatively  identified 
as  originating  from  Titan.  These  three  types  of  emissions  are  shown  in 
the  l6-channel  electric  field  intensity  plot  of  Figure  2,  which  has 
been  taken  from  the  initial  report  of  Gurnett  et  al.  [1981]  to  provide 
an  overview  of  the  plasma  wave  observations  near  Titan.  The  upper- 
hybrid  resonance  emissions  were  used  to  obtain  the  electron  number 
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density  profile  indicated  by  the  dashed  line.  In  this  paper  the  main 
emphasis  will  be  on  a  critical  analysis  of  the  electron  density 
profile  obtained  from  the  upper  hybrid  emissions  and  on  the  interpreta¬ 
tion  of  the  low  frequency  electric  field  noise. 
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II.  UPPER  HYBRID  RESONANCE  EMISSIONS 

During  the  pass  through  the  wake  a  series  of  narrowband  electric 
field  emissions  was  detected  in  the  upper  five  frequency  channels  of 
the  spectrum  analyzer.  These  emissions  are  circled  in  Figure  2  and 
identified  as  "UHR  emissions."  The  identification  of  these  emissions 
with  the  local  upper  hybrid  resonance  (UHR)  frequency  is  based  on  the 
close  similarity  to  upper  hybrid  resonance  emissions  observed  in  the 
terrestrial  and  Jovian  magnetospheres.  The  upper  hybrid  resonance  is 
an  electrostatic  resonance  which  occurs  at  a  frequency  fuHR  =  *^fp2  +  fg2^ 
where  fp  and  fg  are  the  electron  plasma  frequency  and  gyrofrequency . 

The  resonance  occurs  for  electric  fields  polarized  perpendicular  to  the 
static  magnetic  field.  In  the  terrestrial  magnetosphere  electrostatic 
emissions  associated  with  the  local  upper  hybrid  resonance  have  been 
obserV&a“for  many  years  by  rocket-  and  satellite-borne  plasma  wave 
instruments  [Walsh  et  al.,  1964;  Hartz,  1970;  Mosier  et  al.,  1973;  Shaw 
and  Gurnett,  1975;  Hubbard  and  Birmingham,  1978;  Ronnmark  et  al.,  1978; 
Christiansen  et  al.,  1978;  Kurth  et  al.,  197 9) •  Although  the  detailed 
characteristics  vary  somewhat  in  different  regions  of  the  magneto¬ 
sphere,  the  common  feature  is  that  a  narrowband  electrostatic  emission 
occurs  near  the  local  upper  hybrid  resonance  frequency.  Since  the 
upper  hybrid  resonance  frequency  depends  on  the  electron  plasma  fre¬ 
quency,  fp  =  kHz,  where  ne  is  the  electron  number  density  in  cm-3, 

a  measurement  of  the  emission  frequency  together  with  knowledge  of  the 
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electron  gyrofrequency  (from  the  magnetic  field  strength)  provides  a 
determination  of  the  electron  density.  For  the  special  case  when,  fp 
>>  fg,  which  is  valid  for  the  Titan  flyby,  the  upper  hybrid  resonance 
is  essentially  coincident  with  the  electron  plasma  frequency,  so  that 
fUHR  =  fp  =  kHz. 

To  illustrate  the  close  similarity  between  the  Titan  emissions  and 
the  terrestrial  UHR  emissions.  Figure  3  shows  an  example  of  UHR  emis¬ 
sions  observed  by  the  IMP  6  spacecraft  during  an  outbound  pass  through 
the  terrestrial  plasmapause  [from  Shaw  and  Gurnett,  1975) •  This 
example  has  been  selected  because  the  filter  bandwidth  and  instrumental 
characteristics  are  nearly  identical  to  the  Voyager  instrumentation . 

The  UHR  emissions  in  this  case  occur  as  a  single  narrowband  emission 
line  which  sweeps  downward  in  frequency  as  the  spacecraft  crosses  the 
plasmapause.  The  approximate  variation  of  the  electron  plasma  fre¬ 
quency  and  upper  hybrid  resonance  frequency,  fp  =  fyjjp ,  is  shown  by  the 
dashed  line.  Magnetic  field  measurements  confirm  that  this  emission 
has  no  magnetic  field  component  and  is  therefore  electrostatic ,  at 
least  to  within  the  limits  imposed  by  the  instrument  sensitivity. 

Other  measurements  (Kurth  et  al.,  19791  have  shown  that  the  electric 
field  is  polarized  perpendicular  to  the  magnetic  field,  thereby  con¬ 
firming  that  the  electric  field  has  the  correct  polarization  for  the 
UHR  interpretation.  The  polarization  measurements  are  important 
because  they  eliminate  an  alternative  interpretation  that  the  emis¬ 
sions  are  electron  plasma  oscillations  at  the  local  electron  plasma 
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As  can  be  seen  from  a  comparison  of  Figures  2  and  i,  the  narrow¬ 
band  emissions  observed  at  Titan  bear  a  strikingly  close  resemblance'  to 
the  IJI1K  emissions  observed  in  the  terrestrial  magnetosphere.  It:  both 
cases  the  emissions  occur  in  a  narrow  frequency  band,  the  center  fre¬ 
quency  of  which  varies  systematically  with  spatial  position.  The  maxi¬ 
mum  electric  field  amplitudes,  ~  10-b  to  10-4  volts  in-1,  are  quite  com¬ 
parable,  and  the  intensity  variations  have  a  similar  "spiky"  structure 
on  a  time  scale  of  a  few  seconds.  These  close  similarities  are  the 
basis  for  identifying  the  narrowband  Titan  emissions  with  the  upper- 
hybrid  resonance.  Because  the  UHR  emissions  provide  a  crucial  measure¬ 
ment  of  the  electron  density  profile  through  Titan's  wake  it  is  impor¬ 
tant  to  comment  on  the  degree  of  certainty  to  which  we  can  identify 
this  emission  as  the  upper  hybrid  resonance.  Unfortunately,  it  is  not 
possible  to  identify  the  plasma  wave  mode  with  the  high  degree  of  cer¬ 
tainty  available  in  the  terrestrial  observations  because  the  Voyager 
plasma  wave  instrument  does  not  provide  polarization  or  magnetic  field 
measurements.  Nevertheless,  we  feel  very  confident  that  the  mode  iden¬ 
tification  is  essentially  correct  and  that  the  electron  density  can  be 
computed  using  f^p  -  fp  =  9,/n^  kHz.  The  strongest  argument  supporting 
this  interpretation  is  based  on  a  simple  listing  of  the  possible  wave 
modes  in  the  frequency  range  of  interest.  The  narrowband  character¬ 
istic  of  the  emission  strongly  suggests  that  the  effect  is  associated 
with  a  plasma  resonance.  From  the  magnetic  field  measurements  of  Ness 
et  al .  [1980],  it  is  evident  that  the  electron  gyrofrequency ,  fg  -  28B 
Hz,  where  B  is  in  gammas,  is  only  about  100  to  150  Hz  in  the  vicinity 
of  Titan.  At  frequencies  well  above  the  electron  gyrofrequency  only 


two  resonances  occur  in  a  plasma:  the  electron  plasma  oscillation  at 
fp,  and  the  upper  hybrid  resonance  at  fUHR.  Since  fURR  =  f  when  f  is 
small,  the  observed  emission  frequency  will  in  both  cases  be  essen¬ 
tially  at  the  electron  plasma  frequency.  Thus,  even  if  the  UHK  inter¬ 
pretation  turns  out  to  be  incorrect  and  the  waves  are  electron  plasma 
oscillations,  the  electron  density  determination  is  not  affected.  The 
only  other  possibility  which  needs  to  be  considered  is  that  the  emis¬ 
sions  are  free-space  electromagnetic  waves  from  a  remote  source.  In 
fact,  radio  emissions  are  observed  in  the  56.2-kHz  channel  from  Saturn 
(see  Figure  2).  However,  these  radio  emissions  do  not  have  the  narrow- 
band  "spiky"  characteristic  of  the  UHR  emissions.  It  seems  to  us 
extremely  unlikely  that  the  narrowband  bursts  identified  as  UHR  emis¬ 
sions  could  be  electromagnetic  radiation  originating  from  a  remote 
source.  Such  an  interpretation  would  involve  an  extremely  unlikely 
sequence  of  temporal  and  frequency  variation  to  reproduce  the  observed 
sequence  of  emissions.  We  know  of  no  precedent  for  interpreting  spiky 
narrowband  emissions  of  this  type  as  free-space  electromagnetic  radi¬ 
ation  . 

The  electron  density  profile  determined  from  the  UHR  emissions  is 
shown  in  greater  detail  in  Figure  4  together  with  the  magnetic  field 
strength  profile  obtained  from  the  magnetometer  [Ness  et  al.,  1980]. 

The  electric  field  enhancements  which  we  identify  as  UHR  emissions 
are  identified  by  circles.  An  electron  density  scale  is  shown  on  the 
left,  using  f  =  9^n^  kHz.  The  frequency,  time  and  corresponding 
electron  density  for  each  of  these  points  are  also  listed  in  Table  1. 
The  only  criterion  useci  in  the  identification  of  these  emissions  is  the 
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presence  of  a  short  impulsive  emission  in  a  single  channel.  All  emis¬ 
sions  of  this  type  are  identified,  even  very  weak  events  which  barely 
exceed  the  instrument  noise  level.  In  constructing  the  electron  den¬ 
sity  profile  a  simple  smooth  dashed  line  was  drawn  between  the  UHR 
points.  The  only  exceptions  are  the  two  abrupt  cutoffs  in  the  radio 
emission  at  0541:59  and  0542:51  spacecraft  event  time  (SCET).  Because 
these  radio  emissions  originate  from  Saturn  [Daigne  et  al.,  1981 J 
these  cutoffs  are  almost  certainly  caused  by  the  propagation  cutoff  of 
the  free-space  electromagnetic  mode  at  the  electron  plasma  frequency. 
The  times  where  these  cutoffs  occur,  therefore,  represent  the  posi¬ 
tions  at  which  the  electron  plasma  frequency  (electron  density)  profile 
crosses  the  56.2-k.Hz  channel.  The  existence  of  the  relatively  smooth 
Saturn  radio  emissions  in  the  56.2-kHz  channel  from  0539:40  to  0541:59 
SCET  and  after  0542:51  SCET  provides  very  strong  evidence  that  the 
electron  plasma  frequency  was  below  56.2-kHz  during  these  times.  Three 
pronounced  peaks  are  evident  in  the  electron  density  profile,  the  first 
at  about  0539:15  SCET,  the  second  at  about  0542:25  V'Ei ,  a  A  the  third 
at  about  0544:1*2  SCET.  Question  marks  are  shown  at  the  top  of  the 
first  two  peaks.  These  question  marks  reflect  the  fact  that  upper 
limit  to  the  density  peaks  cannot  be  determined  because  no  channels  are 
available  above  56.2  kHz.  Since  only  one  strong  emission  was  detected 
in  the  56.2-kHz  channel  for  the  first  peak  at  0539:15  SCET  it  is  highly 
unlikely  that  the  electron  density  extended  significantly  above  39  cm“'i 
at  this  time.  However,  for  the  second  peak  at  0542:25  two  distinct 
cutoffs  were  observed  in  the  56.2-kHz  channel,  which  indicates  that  the 
electron  density  peak  extends  well  above  39  cm-:i.  Analysis  of  the 
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radio  astronomy  measurements  [M.  Kaiser,  personal  communication,  1981] 
shows  that  this  cutoff  did  not  extend  above  about  78.0  kHz,  which  limits 
the  peak  electron  density  to  about  75  cm-3.  The  third  peak  at  0544:42 
SCET  has  the  lowest  electron  density,  ~  12  cm-3,  and  is  the  least  well 
defined.  The  existence  of  this  peak  is  supported  by  the  fact  that  a 
single  very  weak  emission  is  observed  in  the  31.1  kHz  channel  at  0544:42 
SCET,  which  is  bracketed  by  two  emissions  in  the  17.8  kHz  channel  at 
0543:50  and  0545:06  SCET.  In  interpreting  the  electron  density  profile 
in  Figure  4,  it  should  be  noted  that  electron  densities  can  only  be 
determined  at  the  points  where  a  UHR  emission  or  propagation  cutoff  can 
be  identified.  For  the  time  intervals  between  these  points  it  must  be 
emphasized  that  the  actual  electron  density  profile  may  deviate  signifi¬ 
cantly  from  the  smooth  curve  which  has  been  drawn  though  the  points. 

Comparing  the  electron  density  profile  with  the  magnetic  field 
strength  profile  given  at  the  top  of  Figure  4  shows  that  the  three  den¬ 
sity  peaks  occur  essentially  coincident  with  two  well-defined  depres¬ 
sions  in  the  magnetic  field.  According  to  the  interpretation  of  Ness  et 
al.  [ 1981 1  the  first  depression,  at  about  0539:30  SCET  is  the  inbound 
crossing  into  the  magnetic  tail  of  Titan.  The  approximate  direction  of 
the  magnetic  field  is  illustrated  by  the  arrows  at  the  top  of  Figure  4. 
As  can  be  seen,  the  magnetic  field  rotates  approximately  90°  at  this 
crossing,  from  a  southward  direction  characteristic  of  Saturn's  field, 
to  a  downstream  direction  characteristic  of  an  induced  tail  field 
associated  with  Titan.  The  second  depression,  at  0542:30  SCET, 
corresponds  to  the  crossing  of  the  neutral  sheet  which  separates  the 
northern  (Ll)  and  southern  (L2)  tail  lobes  of  Titan's  magnetotail.  The 


magnetic  field  rotates  180*  at  this  boundary,  from  toward  to  away  from 
Titan.  The  third  depression  at  05^: 30  UT  corresponds  to  the  outbound 
exit  from  the  magnetic  tail. 
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III.  LOW  FREQUENCY  NOISE 


In  addition  to  the  upper  hybrid  resonance  emissions,  several 
regions  of  intense  low  frequency  electric  field  turbulence  were  encoun¬ 
tered  during  the  Titan  flyby.  The  electric  field  intensities  in  the  low 
frequency  spectrum  analyzer  channels  are  shown  in  Figure  5.  Three  dis¬ 
tinct  regions  of  low  frequency  noise  can  be  identified:  one  from 
0532:30  to  0538:30,  a  second  from  0539:30  to  0542:15,  and  a  third  from 
0542:45  to  0545:30  SCET.  The  first  region  of  intense  noise  starts  about 
six  minutes  before  closest  approach  and  extends  essentially  continuously 
up  to  the  inbound  crossing  into  the  magnetic  tail.  Ml.  A  spectrum  of 
this  noise,  at  the  point  marked  A  in  Figure  5,  is  shown  in  Figure  6.  As 
can  be  seen  the  spectrum  has  a  broad  peak  centered  at  a  frequency  of 
about  100  to  200  Hz.  The  broadband  electric  field  strength  is  about 
0.5  mV  m-1.  Because  this  noise  is  qualitatively  similar  to  the  elec¬ 
tric  field  noise  found  in  the  raagnetosheath  at  Earth  (Rodriguez,  1979] 
and  the  ionosheath  at  Venus  [Scarf  et  al.,  1980] ,  we  refer  to  this 
region  as  the  sheath.  However,  in  contrast  to  the  symmetrical  dawn- 
dusk  sheath  configuration  which  exists  at  Earth  and  Venus,  the  sheath 
at  Titan  is  highly  asymmetrical.  As  can  be  seen  from  Figure  5  the 
strong  sheath  noise  only  occurs  on  the  inbound  pass.  On  the  outbound 
pass  the  noise  is  essentially  undetectable,  except  for  a  few  isolated 
bursts  indicated  by  the  question  marks.  These  bursts  are  probably  not 
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related  to  Titan  because  they  occur  sporadically  throughout  the  outer  j 

) 

l 

magnetosphere  of  Saturn.  On  the  inbound  pass,  the  onset  of  the  sheath 
noise  occurs  essentially  coincident  with  an  abrupt  depression  in  the 
magnetic  field  strength  (see  the  top  panel  of  Figure  5).  The  abrupt 
burst  of  noise  which  occurs  at  this  time  led  us  to  speculate  [Gurnett 
et  al.,  198l]  that  this  boundary  may  represent  a  crossing  of  a  slow¬ 
mode  shock.  It  is  clear  that  the  flow  velocity  of  Titan  is  supersonic 
with  respect  to  the  ion  sound  speed,  and  that  the  magnetic  field  did 
decrease  at  this  point  [Bridge  et  al.,  1981;  Ness  et  al.,  1981],  how¬ 
ever,  the  plasma  probe  measurements  did  not  confirm  the  presence  of  a 
shock;  it  is  possible  that  no  well-defined  shock  was  present. 

Within  the  tail  lobes  another  type  of  low  frequency  electric  field 
noise  is  observed.  Typical  spectrums  of  electric  field  intensities  in 
the  tail  are  shown  in  Figure  7  at  the  points  marked  B,  C  and  D  in 
Figure  5«  Spectrums  B  and  D  are  in  the  northern  (Ll)  and  southern  (L2) 
lobes,  respectively,  and  spectrum  C  is  in  the  neutral  sheet  between  the 
two  tail  lobes.  As  can  be  seen  the  noise  levels  in  the  neutral  sheet 
are  very  low,  essentially  at  the  instrument  noise  level.  In  the  tail 
lobes  the  electric  field  intensities  are  quite  large  at  low  frequen¬ 
cies,  decreasing  more  or  less  monotonically  with  increasing  frequency. 

The  broadband  electric  field  intensity  of  this  noise,  integrated  over 
the  frequency  range  from  10  Hz  to  1  kHz,  is  about  100  PV  m-1.  The 
upper  frequency  limit  of  the  noise  is  near  the  electron  gyrofrequency , 
which  ranges  from  100  to  150  Hz. 


16 


IV.  INTERPRETATION 

As  discussed  in  the  previous  sections  the  upper  hybrid  resonance 
emissions  observed  in  the  vicinity  of  Titan  have  provided  an  electron 
density  profile  through  the  wake  of  Titan.  The  electron  density  pro¬ 
file  has  three  distinct  peaks,  the  first  corresponding  to  the  entry 
into  the  northern  tail  lobe,  the  second  corresponding  to  the  crossing 
of  the  neutral  sheet,  and  the  third  corresponding  to  the  exit  from  the 
southern  tail  lobe.  Because  the  electron  density  at  the  third  peak  is 
smaller  than  at  the  first  peak  a  significant  asymmetry  appears  to  be 
present  in  the  plasma  density  distribution  on  the  inbound  and  outbound 
sides  of  the  magnetic  tail.  The  axis  of  symmetry  of  the  tail  also 
appears  to  be  skewed  about  20’  toward  Saturn.  The  maximum  electron 
densities  observed  in  the  tail  are  about  40  cm-3.  These  electron  den¬ 
sities  are  substantially  larger  than  the  peak  electron  densities  of 
about  ~  1.5  cm-3  obtained  from  the  plasma  instrument  [Bridge  et  al., 
1981].  However,  as  pointed  out  by  Bridge  et  al.  I1981]  ,  the  relatively 
long  96-second  time  interval  between  successive  plasma  density  measure¬ 
ments  makes  it  impossible  for  the  plasma  instrument  to  resolve  small- 
scale  features  with  durations  less  than  about  96  seconds.  It  is  con¬ 
ceivable  that  the  plasma  instrument  simply  missed  the  three  narrow  den¬ 
sity  peaks  at  0539:15,  0542:25,  and  05144:42  SCET.  As  can  be  seen  from 
Figure  4,  these  highly  localized  enhancements  have  a  duration  of  only 
about  30  seconds,  which  is  substantially  less  than  the  time  resolution 
of  the  plasma  instrument.  One  serious  point  of  disagreement  [J.  Scudder, 
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personal  communication,  I981I  appears  to  be  the  northern  tail  lobe 
point  at  05^0: 58  SCET  (see  Figure  4),  which  indicates  an  electron  den¬ 
sity  of  about  12  cm-3.  If  this  electron  density  is  characteristic  of 
the  entire  tail  lobe,  then  the  plasma  instrument  should  indicate  a 
higher  density.  A  possible  mutually-consistent  interpretation  is  to 
assume  that  large  density  fluctuations  were  occurring  in  the  tail  lobe 
and  that  the  single  point  obtained  from  the  upper  hybrid  emission 
represents  a  single  isolated  peak.  Otherwise  we  must  conclude  that  the 
plasma  instrument  is  only  measuring  a  fraction  of  the  total  electron 
density. 

We  now  consider  the  possible  interpretations  of  the  observed  den¬ 
sity  structure.  The  observation  of  localized  density  enhancements  on  a 
spatial  scale  much  smaller  than  the  radius  of  Titan  strongly  suggests 
the  existence  of  narrow  plumes  of  plasma  escaping  downstream  of  Titan. 
The  location  of  the  first  and  third  enhancements ,  on  the  inbound  and 
outbound  sides  of  the  tail,  further  suggests  that  this  plume  probably 
has  a  cylindrical  sheet-like  configuration  aligned  along  the  axis  of 
the  tail  as  illustrated  in  Figure  8.  The  most  likely  source  of  plasma 
for  this  plume  is  the  ionosphere  of  Titan.  A  somewhat  similar  cylin¬ 
drical  plume  geometry  has  been  reported  at  Venus  by  Brace  et  al. 

[1981]  ,  in  which  clouds  of  detached  ionosphere  plasma  are  swept  down¬ 
stream  from  the  limbs  of  Venus  by  the  solar  wind.  Because  only  a 
single  pass  is  available  at  Titan,  it  is  not  possible  to  determine 
whether  the  plume  is  a  transient  cloud-like  feature,  similar  to  Venus, 
or  a  steady  state  feature.  The  marked  asymmetry  in  the  plasma  density 
on  the  inbound  and  outbound  side  of  the  tail  is  most  simply  explained 
by  a  day-night  asymmetry  of  Titan's  ionosphere.  As  can  be  seen  in 
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Figure  8,  the  outbound  side  of  the  tail  is  connected  to  the  nightside  of 
Titan.  Since  the  ionospheric  electron  density  would  be  expected  to  be 
much  lower  on  the  nightside  of  Titan,  the  lower  density  of  the  plasma 
plume  on  the  outbound  side  of  the  tail  may  be  due  to  the  reduced  source 
strength  in  the  nightside  ionosphere.  On  the  other  hand,  if  the  plasma 
loss  is  a  transient  process,  with  clouds  of  plasma  peeling  away  from  the 
ionosphere,  similar  to  the  situation  at  Venus,  then  the  apparent 
asymmetry  in  the  plasma  density  profile  could  be  due  to  temporal  vari¬ 
ations  . 

The  plasma  density  enhancements  observed  at  the  magnetic  field 
depressions  associated  with  Titan’s  magnetic  tail  are  strongly  sugges¬ 
tive  of  the  plasma  confinement  which  occurs  in  the  terrestrial  and 
Jovian  plasma  sheet.  In  these  cases,  the  plasma  pressure  in  the  plasma 
sheet  is  balanced  by  the  magnetic  field  pressure  in  the  adjacent  tail 
lobes.  Assuming  that  this  same  process  is  occurring  in  the  Titan  mag¬ 
netic  tail,  the  electron  and  ion  temperatures,  Te  and  T^ ,  of  the  plasma 
can  be  estimated  using 

2T  <BL  '  BN>  "  nk(Te  *  V  «> 

o 

where  n  is  the  electron  density  in  the  neutral  sheet  and  and  Bjg  are 
the  magnetic  field  strengths  in  the  lobe  and  neutral  sheet ,  respec¬ 
tively.  Using  n  =  Uo  cm-3,  BL  =  5  gammas  (average  of  the  northern  and 
southern  lobe  fields ) ,  and  Bjj  =  1  gamma ,  the  sum  of  the  electron  and  ion 
temperatures  is  Te  +  T^  =  1.7  x  10 4  "K.  Assuming  equal  electron  and  ion 
temperatures  the  plasma  temperature  is  then  Te  =  Tj_  =  8.6  x  10 3  *K.  If 
the  electron  density  is  increased  to  75  cm-3,  the  plasma  temperature  is 
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reduced  to  4.1  x  10 3  *K.  These  temperatures  are  very  typical  of  iono¬ 
spheric  plasma  temperatures,  thereby  providing  strong  evidence  that  the 
plasma  is  of  ionospheric  origin.  Note  that  this  low  temperature  is  not 
consistent  with  the  temperatures  of  several  million  degrees  that  would 
result  if  atmospheric  atoms  were  ionized  and  accelerated  to  the  nominal 
magnetospheric  flow  velocity  of  200  km  sec-1  by  the  corotational  elec¬ 
tric  field.  Also,  such  low  plasma  temperatures  may  explain  why  the 
plasma  instrument  apparently  detected  only  a  fraction  of  the  total 
electron  density. 

It  is  useful  to  try  to  estimate  the  velocity  of  the  plasma  plume. 
An  upper  limit  to  the  plume  velocity  can  be  obtained  from  conservation 
of  momentum.  If  we  assume  that  all  of  the  momentum  of  the  plasma  inci¬ 
dent  on  the  face  of  Titan  is  converted  to  momentum  of  the  plume,  the 
plume  velocity  can  be  computed  from 

Mm  °m  vm2  ^  =  Mp  np  vp2  Ap 

where  Mn,,  nffl  and  vm  are  the  ion  mass,  number  density  and  velocity  of 
the  magnetospheric  plasma,  Mp,  np  and  vp  are  the  ion  mass,  number  den¬ 
sity  and  velocity  of  the  plume,  and  Arp  and  Ap  are  the  cross-sectional 
areas  of  Titan  and  the  plume,  respectively.  Using  Mm(H+)/Mp(N+)  = 

1/14,  nm/np  =  0.1/40,  A^/Ap  =  1/0.2,  and  vm  =  200  km  sec-1,  an  upper 
limit  to  the  velocity  of  the  plume  is  approximately  vp  -  6.0  km  sec-1. 
This  velocity  will  of  course  increase  as  the  cross  section  for  inter¬ 


action  with  the  magnetospheric  plasma  increases;  however,  the  time  con¬ 
stant  for  this  interaction  is  expected  to  be  quite  long.  Therefore,  in 
the  vicinity  of  Titan  the  plume  velocity  is  expected  to  be  small 


compared  to  either  the  spacecraft  velocity,  ~  17.3  km  sec-1,  or  the 
magnetospheric  corotational  velocity,  ~  200  km  sec-1.  Because  of  the 
low  temperature  and  flow  velocity  relative  to  Titan,  the  plume  ions 
probably  could  not  be  detected  by  the  plasma  instrument,  since  this 
instrument  does  not  have  a  sensor  viewing  along  the  ram  direction. 

From  the  plume  velocity  it  is  possible  to  estimate  the  total  loss 
rate  of  plasma  from  Titan.  Taking  the  cross  section  of  the  plume  to  be 
an  annular  ring  with  a  radius  of  1  Rip  and  thickness  of  0.1  Rrp,  plus  a 
plasma  sheet  with  a  cross  section  of  2  RT  by  0.1  Rip,  both  with  an  ion 
density  of  40  cm-3,  the  total  loss  rate  of  ionospheric  ions  is  about 
1.2  x  1024  ions  sec-1.  This  source  strength  is  somewhat  lower  than  the 
value  given  by  Bridge  et  al.  [ 1981 ]  mainly  because  of  the  lower  plume 
velocity.  It  can  be  shown  that  the  estimated  loss  rate  has  a  negli¬ 
gible  effect  on  the  atmosphere  of  Titan  on  time  scales  of  the  age  of 
the  Universe.  However,  as  discussed  by  Bridge  et  al.  [1981I  this  loss 
may  represent  a  significant  input  of  plasma  into  the  outer  magneto¬ 
sphere  of  Saturn. 

Two  apparently  different  types  of  plasma  wave  noise  were  observed 
during  the  Titan  flyby,  one  associated  with  the  sheath  region,  and  the 
other  associated  with  the  tail.  Although  the  sheath  noise  has  many 
close  similarities  to  the  electrostatic  noise  observed  in  the  magneto¬ 
sheath  of  Karth  and  the  ionosheath  of  Venus ,  the  Titan  sheath  has  a 
pronounced  asymmetry  which  is  not  known  to  be  present  at  Earth  and 
Venus.  As  can  be  seen  from  Figure  5  the  sheath  noise  is  very  strong  on 
the  inbound  leg  but  essentially  absent  on  the  outbound  leg.  This 
strong  asymmetry  provides  an  important  clue  concerning  the  origin  of 
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this  noise.  As  discussed  by  Bridge  et  al .  I1981I,  the  inbound  side  of 

Titan  is  the  favored  region  for  the  acceleration  and  escape  of  ions 

created  at  the  base  of  the  exosphere.  The  process  involved  is  illus- 

■* 

trated  in  Figure  9*  Because  the  corotational  electric  field,  E  =  -V  x 
* 

B,  is  directed  away  from  Saturn,  any  ions  created  on  the  side  of  Titan 
facing  away  from  Saturn  will  be  accelerated  upward  out  of  the  atmo¬ 
sphere  and  carried  away  by  the  corotational  flow.  This  ion  pickup  pro¬ 
cess  would  tend  to  produce  a  highly  unstable  hot  ion  distribution  on 
the  side  of  the  Titan  facing  away  from  Saturn.  Evidence  for  the  exis¬ 
tence  of  such  an  ion  distribution  has  been  given  by  Bridge  et  al. 
[l98lj.  Qualitatively,  this  region  of  acccelerated  ions  occurs  in  the 
same  region  where  the  intense  sheath  noise  is  observed.  On  the  other 
side  of  Titan,  the  corotational  electric  field  is  directed  into  the 
atmosphere,  thereby  strongly  inhibiting  the  escape  of  ions.  This  basic 
asymmetry  in  the  ion  escape  process  provides  a  simple  explanation  for 
the  absence  of  the  sheath-like  electric  field  noise  on  the  outbound 
leg. 

Because  the  ions  accelerated  by  the  corotational  electric  field 
tend  to  produce  a  nearly  monoenergetic  ring  distribution,  the  resulting 
distribution  is  expected  to  be  highly  unstable.  Several  possible 
instabilities  could  occur.  In  the  vicinity  of  the  ionization  region, 
the  accelerated  ions  produce  a  current  which  could  generate  ion- 
acoustic  waves  via  the  well-known  current-driven  electrostatic  ion- 
acoustic  or  Buneraan  mode  instability  [Stix,  1962]  .  Downstream  of  the 
acceleration  region  the  positive  gradient  in  the  velocity  distribution 
function,  3f/3vp,  associated  with  the  ring  distribution  could  provide  a 
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free-energy  source  for  the  electrostatic  ion  cyclotron  stability.  On 
the  basis  of  the  observed  frequency  spectrum  we  think  that  it  is  most 
likely  that  the  sheath  noise  consists  of  a  current-driven  ion-acoustic¬ 
like  instability,  since  the  ion-cyclotron  instability  occurs  at  fre¬ 
quencies  too  low  and  with  Doppler  shifts  too  small  to  account  for  the 
observed  frequencies.  As  suggested  by  Bridge  et  al.  I1981],  the  sheath 
noise  may  play  an  important  role  in  thermalizing  the  accelerated  ion 
distribution. 

The  electric  field  noise  observed  in  the  magnetotail  of  Titan  has 
many  characteristics  similar  to  a  type  of  noise  called  broadband  elec¬ 
trostatic  noise  which  is  observed  in  the  terrestrial  magnetotail 
[Gurnett  et  al.,  1976].  As  with  the  Titan  noise,  the  spectrum  of  the 
terrestrial  broadband  electrostatic  noise  decreases  monotonically  with 
increasing  frequency,  varying  approximately  as  E2/  Af  ~  f~2,  and  the 
largest  intensities  tend  to  occur  at  the  outer  boundary  of  the  plasma 
(neutral)  sheet.  Within  the  terrestrial  neutral  sheet  the  noise  levels 
are  also  usually  very  low,  as  in  the  neutral  sheet  of  Titan. 
Unfortunately,  although  the  phenomenology  of  the  terrestrial  broadband 
electrostatic  noise  is  reasonably  well  known,  the  physical  origin  of 
this  noise  is  poorly  understood.  At  present,  only  two  mechanisms  have 
been  proposed  to  explain  this  noise.  Ashour-Abdalla  and  Thorne  l 1977] 
have  suggested  that  the  noise  may  be  caused  by  electrostatic  ion- 
cyclotron  waves  driven  by  a  loss-cone  instability,  and  Huba  et  al. 
[19781  have  suggested  that  the  noise  may  be  caused  by  a  lower-hybrid 
drift  instability  driven  by  the  cross-field  current.  Because 
field-aligned  currents  may  exist  near  the  outer  boundaries  of  the 
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plasma  sheet  it  is  also  possible  that  the  noise  may  be  caused  by  a 
current-driven  instability  such  as  the  electrostatic  ion-cyclotron 
instability  [Kindel  and  Kennel,  197 1 1 •  Short  wavelengths  and  large 
Doppler  shifts  would  then  be  necessary  to  explain  the  observed  fre¬ 
quency  spectrum. 
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0.39 
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1.2 

0538:30 

31.1 

12.0 
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0545:06 
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1.2 

0545:13 

5.62 
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•Radio  Emission  Cutoff 
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FIGURE  CAPTIONS 

Figure  1.  The  Voyager  1  trajectory  in  Titan-centered  coordinates. 

The  Z  axis  is  parallel  to  Saturn's  rotational  axis  and 
the  X  axis  is  parallel  to  the  nominal  corotational  plasma 
flow,  assuming  rigid  rotation.  The  radius  of  Titan,  RT,  is 
taken  to  he  2570  km  [Tyler  et  al.,  1981] . 

Figure  2.  A  survey  of  all  of  the  plasma  wave  electric  field  intensi¬ 

ties  in  the  vicinity  of  Titan.  Several  types  of  plasma 
wave  effects  were  detected,  including  upper  hybrid  reso¬ 
nance  (UHR)  emissions,  two  types  of  low  frequency  electric 
field  noise  at  frequencies  below  1  kHz,  and  radio  emissions 
from  Saturn  at  56.2  kHz. 

Figure  3.  An  example  of  upper  hybrid  resonance  (UHR)  emissions  ob¬ 

served  near  the  terrestrial  plasmapause  by  IMP-6.  The 
emission  frequency  occurs  very  close  to  the  electron  plasma 
frequency,  fp,  shown  by  the  dashed  line.  These  emissions 
are  believed  to  be  essentially  identical  to  the  UHR  bands 
observed  near  Titan  and  provide  the  basis  for  identifying 
the  narrowband  Titan  emissions  as  upper  hybrid  resonance 
emissions . 


-  4 
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Figure  U.  The  bottom  panel  shows  the  electron  density  (dashed  line) 

inferred  from  the  upper  hybrid  resonance  frequency,  and  the 
top  panel  summarizes  the  magnetic  field  directions  (arrows) 
and  intensities  from  the  magnetic  field  instrument  [Ness  et 
al.,  198l].  Three  distinct  peaks  occur  in  the  electron 
density  profile,  the  first  at  the  entry  (Ml)  into  the 
magnetic  tail  of  Titan ,  the  second  at  the  neutral  sheet 
crossing  (N),  and  the  third  at  the  exit  (M2)  from  the 
tail. 

Figure  5«  A  comparison  of  the  low  frequency  electric  field  noise  and 

the  magnetic  field  observations  in  the  vicinity  of  Titan. 
The  sheath  noise  occurs  outside  of  the  tail  and  is  almost 
completely  confined  to  the  inbound  leg.  Within  the 
northern  and  southern  tail  lobes,  LI  and  L2,  a  much  dif¬ 
ferent  type  of  low  frequency  noise  occurs ,  confined  mainly 
to  frequencies  below  100  Hz. 

Figure  6.  The  electric  field  spectral  density  of  the  sheath  noise 

observed  on  the  inbound  leg.  The  broadband  electric  field 
strength  of  this  noise  is  about  0.5  mVm-1. 
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Figure  7 •  The  electric  field  spectral  density  of  the  low  frequency 

noise  detected  in  the  tail.  The  noise  observed  in  both 
the  northern  (Ll)  and  southern  (L2)  tail  lobes  is 
very  similar,  rising  steeply  in  intensity  toward  lower 
frequencies.  In  the  neutral  sheet,  the  intensities  are 
very  low,  essentially  at  the  instrument  noise  level. 

Figure  8.  An  interpretation  of  the  electron  density  profile  illus¬ 

trated  in  Figure  4.  The  plasma  density  peaks  at  the 
inbound  and  outbound  tail  entries  (Ml  and  M2)  are  presumed 
to  represent  a  cylindrical  plume  of  plasma  originating  from 
the  ionosphere  near  the  limb  of  Titan.  The  lower  electron 
density  at  the  outbound  tail  exit  (M2)  is  believed  to  be 
due  to  a  day -night  asymmetry  in  the  ionosphere  of  Titan, 
with  a  weaker  plasma  source  on  the  nightside  of  Titan. 

Figure  9*  An  interpretation  of  the  sheath  noise  detected  on  the  in¬ 

bound  leg.  This  noise  is  thought  to  be  produced  by  ions 
created  near  the  base  of  the  exosphere  and  accelerated  away 
from  Titan  by  the  corotational  electric  field.  This 
acceleration  process  would  only  be  operative  on  the  side 
of  Titan  facing  away  from  Saturn,  which  would  explain  the 
almost  complete  absence  of  this  noise  on  the  outbound  leg. 
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